ABSTRACT -The conventional production method of this biofuel, by transesterification in two stages, chemical reaction and product separation, has several disadvantages. Biodiesel production by hydro-esterification reaction from fatty matter with has attracted much attention because of its many advantages, but available technology still requires distinct steps for reaction and separation. This work presents computational simulations of a multi-step process of soybean oil biodiesel production by hydro-esterification. For the hydrolysis step, a packed bed reactor (PBR) was chosen. For the esterification step, a reactive distillation column (RDC) is used, with reaction and separation in the same piece of equipment. The simulation results show that the methodology used is consistent and sensitivity analyses suggest that conversions close to 99% are possible.
INTRODUCTION
The main route of commercial industrial production of biodiesel is based on the transesterification of refined oils by alkaline catalysts, such as sodium alkoxides and potassium, since the process is relatively simple to use and reaches conversion values above 95% (Ma and Hanna, 1999) . However, this route has problems, mainly in the purification step, that cause income losses and waste generation.
The use of heterogeneous catalysts can potentially reduce the cost of biodiesel production, making it competitive against fossil diesel. They facilitate the purification of monoesters, the reuse of the solid catalyst, minimize waste generation, decrease reaction time, yield higher conversions, and allow for the use of low quality raw materials, thereby reducing costs (Aranda et al., 2009 ).
Hydro-esterification consists of a step of vegetable oil hydrolysis, followed by subsequent esterification of fatty acids produced. Both steps can be accelerated by acid catalysts and become more attractive when coupled to the use of heterogeneous catalysts, eliminating soap formation, reducing the number of separation units, enabling catalyst reuse, and producing high purity, salf-free glycerin (Aranda et al., 2009) . The great advantage of hydro-esterification compared to transesterification is that the free fatty acid is reactant in the same reaction, thus not being a limitation in terms of specification of raw material (Lotero et al., 2005; Di Serio et al., 2008) .
In this sense, hydrolysis processes are known and well established, with current operation on industrial scale. Moreover, the esterification step of fatty acids still has a number of technical challenges regarding the mode of operation (batch or continuous). Thus, it opens up opportunity to use reactive distillation column (RDC) technology to the esterification step. Reactive distillation is a hybrid operation that combines physical separation and chemical reaction in the same piece of equipment. Works as Kiss (2009) and Machado et al. (2013) show the use of this technology for the esterification of fatty acids to esters as biodiesel.
This work presents computer simulations of a continuous multi-stage process for the production of soybean oil biodiesel by hydro-esterification. The hydrolysis reaction is performed in a Packed Bed Reactor (PBR), while the esterification step is conducted in a Reactive Distillation Column (RDC). In both cases, sensitivity analyses of design parameters and operating conditions are performed in order to optimize the operation of each step.
METHODOLOGY

Hydrolysis
The choice of the tubular reactor for the hydrolysis step was based on the fact that this reaction is conducted at severe conditions (high pressure and temperature). A mass balance in the differential catalyst mass element dW for the component A, involved in one single reaction over the total weight of catalyst W, the tubular reactor can be described as in Figure 1 . 
It can be rewritten in terms of the conversion of component A, XA, leading to:
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Its integrated form is the project equation of a tubular reactor.
The solid mass must be used because the amount of catalyst is important for the reaction speed. Following the strategy of Fogler, (2002) , the project equation reduces to a differential equation which relates the conversion of component A based on the mass W of the catalyst distributed along the tubular reactor.
Where vo is molar flow, k0 and Ea are Arrheinus equation parameters. Equation 4 is numerically integrated along the catalyst mass of the tubular reactor, resulting in a composition of components throughout the equipment by specifying the mass of catalyst and reactor feed flow, for known kinetic constants in function of temperature.
Esterification
The modeling of the esterification step is based on considerations of Chen et al. (2000) , Alfradique and Castier (2005) and Machado et al. (2013) for the simulation of reactive distillation columns. The scheme of the generic plate adopted in this work is shown in Figure 2: Figure 2: Configuration of stage j in reactive distillation column (Alfradique and Castier, 2005) .
From Figure 2 , residue equations of the mass balance, phase equilibrium, reaction rate, energy balance and vapor-liquid ratio can be established:
These residue functions, the Jacobian matrix and the activity coefficient models were generated using the Thermath program (Castier, 1999) . The UNIFAC Dortmund model (Gmehling et al., 1993 ) is used to describe the non-ideal liquid phase behavior. The mathematical formulation was implemented using the programming language FORTRAN 77. Additional details about the solution method are available in the work of Alfradique and Castier (2005) .
RESULTS
Hydrolysis
The hydrolysis of soybean oil (1) with water, (2) producing hydrolyzate (3) and glycerol (4) takes place according to the following stoichiometry:
Soybean oil and Hydrolyzate properties took into account the composition of the main fatty acids constituent present in soybean oil. In kinetic terms, the hydrolysis reaction is considered reversible. The rate model used is the pseudo-homogeneous with dependence of the molar concentrations of the reactants. The subscripts are as seen in equation 11:
The kinetic data of the hydrolysis and esterification reactions were obtained by Rocha et al. (2010) who used niobium oxide as catalyst. The specifications of the reactor and the constants of the reaction rate equation for the catalyst are given in Table 1 . Hydrolyzate and glycerol generated in the chemical reaction form two phases under mild temperatures. Thus, these products can be separated by decantation or also by centrifugation.
It can be seen that soybean oil fed to the reactor is almost completely consumed with 50g mass catalyst, while excess water in the feed stream leaves the reactor with 40% molar composition in the output stream. This excess humidity can be removed by flashing in subsequent operations.
From Figure 4 (a) , the minimum flow provides the best conversion results. From 100 mol / min, there is a sharp drop of the soybean oil conversion with increasing feed flow rate. From the feeding molar ratio, Figure 4 (b) , the smaller the value of this variable, the lower the processing cost. The stoichiometry of the hydrolysis reaction analyzed between water and soybean oil is 3:1. For a value twice of this ratio, the conversion curve has almost stable value. As a way to avoid costly excess water recirculation, it was decided to consider a molar ratio close to 6:1 , more specifically 5.7.
Esterification
The esterification of soy hydrolyzate (1) with ethanol (2) forming a mixture of esters of Biodiesel (3) and water (4) takes place according to the following stoichiometry:
Here, "biodiesel" refers to the group of esters formed regardless of purity specifications for commercialization. The RDC has 15 stages at ambient pressure. More details of the reactive distillation column and esterification reaction are shown in Table 2 . Figure 5 shows the liquid phase mole fraction profile to the components of the esterification reaction along the reactive distillation column. From Figure 5 , following, it is found that the removal of the desired product, biodiesel, in the bottom is made with considerable purity (96.54%). This is due to the use of high heat duty on the reboiler. According to Machado et al. (2013) , the reboiler temperature can exceed 260 °C and could degrade biodiesel formed and removed in the bottom stream. In order to obtain the optimum operating parameters of the RDC, the influence of reflux ratio in the condenser and the heat duty on the reboiler were studied. Figure 6 (a) displays a surface with profiles of liquid phase mole fraction against reboiler reflux ratio and Figure 6 (b) shows a surface temperature profile generated in the sensitivity analysis. In Figure 6 (a), increasing the value of the reflux ratio at the condenser causes a decrease in biodiesel purity in the bottom of the column and the consequent increase in the water content in the top product. This fact can be explained by higher water retention, which is a product of the chemical reaction inside the column. Thus, a low reflux ratio is suitable. Figure 6 (b) shows a remarkable change in temperature. At the lower limit, 0.01 kJ / min the temperature the bottom product is exposed to is approximately 397 K, while with the upper limit of 57.2 kJ / min of thermal load added to the reboiler, the temperature reaches around 599 K. Moreover, the increased heat duty generated in the reboiler increased conversion by only about 2.3%. Therefore, it is not recommend to try to gain efficiency by increasing the heat load. According to Machado et al. (2013) , setting the reboiler off and using thermal energy in feed stream can reduce energy consumption and could avoid exposure of bottom product at elevated temperatures.
CONCLUSIONS
In this work, computer simulations are presented for the steps of hydrolysis of fatty matter in a tubular reactor (PBR) and esterification of fatty acids into a reactive distillation column (RDC) for soybean oil biodiesel production. Such steps can be combined in sequence to produce biodiesel by hydro-esterification. The methodology used was consistent and the results of sensitivity analyses showed operating conditions optimized for conversions above 99%, which are higher than the purity of the biodiesel current commercialized according to the applicable regulations in Brazil.
